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breast milk. Studies have demonstrated that exposure to PBDEs can cause adverse health effects in experimental animals and humans, including the disruption of growth and the immune and endocrine (thyroid hormone, for example) systems, as well as neurodevelopmental delays [11, 12] . Accordingly, the production and use of technical penta-, octa-and deca-BDE mixtures has been restricted by law in the EU [13, 14] and partially banned in the USA. Despite the bans, PBDEs will continue to be released into the environment from existing large reservoirs of PBDE-containing products for many years to come and remain a pollution problem in the foreseeable future.
The human population is mainly exposed to PBDEs through the diet and dust ingestion [10, 15] . The diet is the predominant exposure pathway for Europeans [16, 17] . In a study carried out by Voospoels et al. [18] a positive correlation between fish consumption and concentrations of PBDEs in blood serum was established. Fish consumption contributed approximately 40%-50% of the total dietary intake of PBDEs. The European Union Water Framework Directive (WFD) included six PBDE congeners (BDE 28, BDE 47, BDE 99, BDE 100, BDE 153 and BDE 154) in the group of priority hazardous substances [19] . Their regular monitoring is recommended by the WFD in order to prevent pollution of the aquatic environment. The Environmental Quality Standard (EQS) limit concentration for the sum of the six PBDE congeners in the biota (relating to fish), is set to 8.5 ng/kg wet weight (ww) [19] .
The analysis of mussels, which are known bioindicator organisms used for monitoring organic and inorganic pollutants in aquatic environments, and fish samples provides valuable information about the risks associated with human exposure to PBDEs through the diet [20] .
Thus, reliable and very sensitive analytical methods for the determination of PBDEs in fish and mussel tissues are needed in order to evaluate PBDE pollution of the aquatic environment and the consequent risk to human health.
Extraction of PBDEs from fish and mussel tissue sample matrices has been performed in recent years by using Soxhlet extraction [7, 21, 22] , accelerated solvent extraction [23] [24] [25] , ultrasound-assisted extraction [26] or microwave-assisted extraction [23, 27] . After extraction, the content of PPDEs is determined with high sensitivity by using advanced instrumental techniques. Those based on the separation of PBDEs by gas chromatography (GC) [28] coupled with different highly developed detector systems, such as high resolution mass spectrometry [27, 29] , mass spectrometry operating in the negative chemical ionization mode [7, 16, 26] or electron capture detectors [22] [23] [24] are almost exclusively applied. Alternatively, inductively coupled plasma mass spectrometry (ICP-MS), which possesses good sensitivity and excellent selectivity for bromine determination, even in the presence of compounds containing sulfur or chlorine that can interfere with the detector systems listed above, can be used for the detection of the GC-separated PBDEs [30, 31] .
The aim of this work was to develop a simple analytical procedure that requires minimal sample preparation for a rapid, sensitive and reliable determination of the six PBDEs listed in the WFD in mussel and fish samples by GC-ICP-MS. For this purpose, the influence of different extracting agents (25% aqueous solution of tetramethylammonium hydroxide (TMAH), 0.5 mol L -1 acetic acid in methanol (MeOH) and 0.1 mol L -1 hydrochloric acid (HCl) in MeOH) and the subsequent simultaneous addition of tris(hydroxymethyl)aminomethane (Tris)-citrate buffer (co-extracting agent) and iso-octane on the extraction efficiency was studied when applying different modes of extraction (mechanical shaking, microwave-and ultrasound-assisted extraction). The extraction step was optimized by analyses of National
Institute of Standards and Technology standard reference material, NIST SRM 2974a freezedried mussel tissue. A rapid and low solvent-consuming clean-up step, which included passing the extract through a column filled with Florisil, was also tested. The accuracy of the analytical method developed was checked by analyzing NIST SRM 2974a and NIST SRM 6 1946 (Lake Superior fish tissue) samples by the standard addition calibration method and performing a comparative analysis with the species-specific isotope-dilution (ID) GC-ICP-MS method. To demonstrate the applicability of the GC-ICP-MS analytical procedure developed for the determination of PBDEs in real samples, mussels and marine fish samples from the northern Adriatic Sea and fish samples from the Sava River were analyzed.
Experimental

Instrumentation
The analysis of PBDEs was carried out on an Agilent 6890 GC Agilent Technologies For the separation of PBDEs on a 15-m column, the following GC temperature program was applied: the temperature was raised from 120 °C to 300 °C at a heating rate of 30 °C min -1 and held there for 5 min. The inlet temperature and the transfer line were held at 280 °C.
Helium at a flow rate of 1.5 mL min -1 was used as the carrier gas. The injection mode was splitless and the injection volume 2 µL. The operating parameters of the GC-ICP-MS instrumental set-up are presented in Supplementary Table S1 . Their optimisation is described in our previous work [32] .
Mechanical shaking of the samples during the extraction procedure was performed on a Samples were stored at -20 °C in a freeze drier FN6192PW Gorenje (Velenje, Slovenia).
Reagents and materials
All the reagents used were of analytical reagent grade. 
Cleaning procedure
To avoid contamination, all the glassware was rinsed three times with tap water, soaked in 10% nitric acid for 48 h, rinsed three times with tap water and three times with MilliQ water and heated at 400 °C for at least 4 h. Prior to use, all the glassware was rinsed with hexane and acetone and dried at room temperature.
Sample preparation
For method development, standard reference material NIST SRM 2974a (freeze-dried mussel tissue) was used. To check the accuracy of the developed analytical procedure PBDEs were determined in two reference materials, NIST SRM 2974a and NIST SRM 1946 (frozen fish tissue homogenate), which are certified for all six BDEs analysed. The later was analysed to experimentally prove that the extraction of PBDEs from mussel tissue matrix is also applicable to their efficient extraction from fish sample matrix. To verify the applicability of the method, PBDEs were determined in marine mussels and marine and freshwater fish samples (sampled at several sampling locations during the year 2015 in the northern Adriatic Sea and the Sava river, respectively). Mussels from mariculture located in the Slovenian part of the northern Adriatic Sea were purchased in a local store. In the laboratory, mussels were rinsed with fresh water and methanol. Shells were removed and the whole mussel tissues homogenised in a blender. Analysis was carried out using the pooled fresh sample. Fish samples were filleted, homogenized in a blender, lyophilized and stored in the dark at -20 °C until analysis.
Recommended analytical procedure
Lyophilized fresh mussel or fresh fish sample (0.25 g or 1.5 g, respectively) was weighed into a glass reactor vessel to which BDE 77 (internal standard), 81 Br-enriched PBDE spike and 10 mL of 25% aqueous solution of TMAH were added. The vessels were closed and ultrasound-assisted extraction applied for 30 min at power of 700 W. Then, 50 mL of Triscitrate buffer solution (pH 6) and 2 mL of iso-octane were added and the samples mechanically shaken for 2 h (20 °C, 300 rpm). The organic phase (iso-octane), which contained the dispersed emulsion, was collected into a 10-mL glass vial with a Pasteur pipette.
To separate the emulsion from the organic phase, 0.5 mL of 25% potassium hydroxide (KOH)
in MeOH was added and the sample centrifuged for 5 min at 5000 g. The clear organic phase was collected and passed through a 3-mL column packed with 500 mg of Florisil (preconditioned with 1 mL of iso-octane) to remove lipids from the matrix. The column was washed with additional 2 mL of iso-octane and the entire organic phase concentrated under a gentle nitrogen flow to a final volume of approximately 30 μL. Finally, the concentrated extract was collected in a 2-mL amber vial with a Pasteur pipette and 2 μL injected onto the GC column. Analysis was carried out by GC-ICP-MS and the concentrations of PBDEs calculated by both the standard addition calibration method and ID GC-ICP-MS procedure based on the equations provided by Rodríguez-González et al. [33] . Blank samples were processed following the analytical method described. If not stated otherwise, all the analyses were carried out in triplicate. A flow chart of the analytical method used is presented in
Supplementary material (Fig. S1 ).
Results and discussion
Optimization of the extraction procedure
The main difference between environmental (fresh or sea water, soils or dust) and biological (fish or mussel) sample matrices is the higher content of organic matter, proteins and lipids in the later. Hence, to release the hydrophobic PBDEs from samples with such a complex matrix, an appropriate digestion/extraction method must be applied. Such methods can be relatively time-and solvent-consuming, not sensitive enough for the purpose of their intended use, and with poor recovery for a particular BDE congener. Mussels are normally composed of around 80%, 15%, 2% and 1% water, proteins, fat and ash, respectively, whereas fish fillets consist of 66%-81%, 16%-21%, 0.2%-25% and 1.2%-1.5% water, proteins, lipids and ash, respectively [34] . Due to their high lipid content, they should be removed prior to gas chromatographic separation of the PBDEs. The clean-up techniques mostly reported are saponification, concentrated sulphuric acid treatment, gel permeation chromatography and column chromatography with suitable adsorbents [35] . However, these procedures usually require large amounts of organic solvents, the retention capacity of the columns used is limited and the loss of analytes can occur, whereas the GC-ICP-MS determination of PBDEs requires no other elimination of co-extracted interfering substances in the clean-up step, except the removal of lipids, which can damage the GC column. So, to develop a sensitive and reliable analytical procedure for the determination of the selected PBDEs in mussels and fish and samples by GC-ICP-MS, the parameters that influence the efficiency of their extraction must first be optimized. 
Influence of different extraction agents on extraction efficiency
The most efficient extraction agents was chosen for the extraction of PBDEs from mussels after a series of experiments in which 10 mL of a given extraction agent (25% aqueous solution of TMAH, 0.5 mol L -1 acetic acid in MeOH or 0.1 mol L -1 HCl in MeOH) was added to glass reactor vessels containing 0.25 g of the spiked, freeze-dried mussel tissue. These reagents were used since they have been already successfully applied in the extraction procedure of organotin compounds from mussel tissue [36] . The sample was mechanically shaken for 2 h. Subsequently, 50 mL of Tris-citrate buffer, as the co-extracting agent, aiming to further improve the extraction efficiency, and 2 mL of iso-octane were simultaneously added and the sample, which was mechanically shaken for another 2 h. It has been experimentally proven that the addition of Tris-citrate buffer facilitates the extraction of
PBDEs from the matrix and substantially alleviates the separation of the organic and aqueous phases [32] . Nevertheless, after mechanical shaking, dispersed emulsion was still partly present in the organic phase. To separate the emulsion from iso-octane, 25% KOH in MeOH was added as described in Paragraph 2.5. and concentrations of PBDEs in the clear organic phase determined by GC-ICP-MS. Data from these experiments are presented in Fig. 1 .
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As can be seen from Fig. 1 (analysis of spiked, freeze-dried mussel tissue), similar analytical signal intensities, which indicate the extraction efficiency, for all the BDE congeners, including the internal standard BDE 77, were obtained regardless the extraction agent applied.
On the contrary, in the analysis of fresh fish samples, significant variations of analytical signal intensities were observed. These data were not shown since in some samples a thick slurry was formed, which prohibited us from collecting an optimal quantity of organic phase in the case of 0.5 mol L -1 acetic acid in MeOH or 0.1 mol L -1 HCl in MeOH, respectively.
Thus, on the basis of our experimental observations and results, we concluded that, for the application of the developed analytical procedure to both freeze-dried and fresh samples, the 25% aqueous solution of TMAH is the most efficient extraction agent.
Influence of different modes of extraction on extraction efficiency
Three modes of extraction, namely mechanical shaking (20 °C, 300 rpm), microwaveassisted extraction (40 °C, 60 °C or 90 °C, 15% of 1600 W) and ultrasound-assisted extraction (20 °C, 240 W), were applied over different time intervals and their performances compared during optimization of the extraction of PBDEs from mussel and fish samples.
Extraction by applying mechanical shaking.
To 0.25 g of spiked SRM 2974a (freezedried mussel tissue sample) 10 mL of 25% aqueous solution of TMAH was added. The sample was, in the first step, mechanically shaken (20 °C, 300 rpm) for 2 h. In the second step, Tris-citrate buffer (50 mL) and iso-octane (2 mL) were added and the sample shaken for different periods from 0.25 to 16 h. Results of these experiments are presented in Fig. 2A .
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The results presented in Fig. 2A show that constant maximum values of analytical signal intensities for all the PBDEs analysed were reached when the sample was first shaken with 25% aqueous solution of TMAH for 2 h, followed by shaking in Tris-citrate buffer and iso-octane for a minimum of two additional hours. Similarly to the second step, the time of extraction was optimized for the first step of extraction, varying the time interval from 0.25 to 16 h in the first step, while keeping the time of extraction in the second step constant (2 h). These results are presented in Fig. 2B and show that the optimal duration of mechanical shaking in the first extraction step is 2 h. Thus, the optimal total extraction time of the two-step mechanical shaking extraction method was 2 h (shaking with 25% aqueous solution of TMAH) + 2 h (subsequent shaking after the addition of Tris-citrate buffer and iso-octane).
Ultrasound-assisted extraction.
The closed-glass reactors, which contained 0.25 g of spiked, freeze-dried mussel tissue (SRM 2974a) sample and 10 mL of 25% aqueous solution of TMAH, were subjected to ultrasound-assisted extraction for 15, 30 or 60 min. Then, the Tris-citrate buffer and iso-octane were added and the sample mechanically shaken for 2 h in the second step. Corresponding results, which are presented in Fig. 3A , demonstrate that the analytical signal intensities were increased with time and became constant when 30 min of ultrasound-assisted extraction was applied. The maximum values of analytical signal intensities were slightly higher than those obtained after extraction with mechanical shaking.
Microwave-assisted extraction.
As in the other two modes of extraction, microwaveassisted extraction was carried out in two steps. In the first step, closed vessels containing 0.25 g of spiked, freeze-dried mussel tissue (SRM 2974a) sample and 10 mL of 25% aqueous solution of TMAH were subjected to microwave-assisted extraction at different temperatures (40 °C, 60 °C or 90 °C). The following programme was used: power 15% of 1600 W, ramp to selected final temperature (40 °C, 60 °C or 90 °C) in 1 min and hold at that temperature for 3 min. After cooling, the suspensions were transferred to glass reactors, Tris-citrate buffer and iso-octane were added and samples were mechanically shaken for 2 h. By comparison of the analytical signal intensities presented in Fig 3B, it can be seen that extraction of the PBDEs from the sample matrix is slightly less efficient at 40 °C than that at 60 °C or 90 °C.
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To summarize section 3.1.2. (compare analytical signal intensities in Figs. 2 and 3) , it can be deduced that, among all the modes of extraction compared, microwave-assisted extraction is the least and ultrasound-assisted the most efficient for the extraction of PBDEs from a freezedried mussel sample matrix. This result is consistent with outcomes of our previous work where the efficiency of microwave extraction for the extraction of PBDEs from sewage sludge was found to be inferior to the tested alternatives (mechanical shaking, ultrasoundassisted extraction) [30] .
Once the extraction agents and relevant extraction conditions were optimized for mussels (SRM 2974a), it was experimentally proven that, among the extraction agents tested for mussels, only a 25% aqueous solution of TMAH can also be efficiently applied for the extraction of PBDEs from a fresh fish sample matrix (NIST SRM 1946). When different modes of extraction were applied under their corresponding optimal parameters, experimental results showed that PBDEs can be extracted from this sample matrix by mechanical shaking or ultrasound-assisted extraction with almost identical efficiency, whereas microwave-assisted extraction was less efficient.
Because the ultrasound-assisted extraction applied in the first step exhibits several advantages, such as being the most robust, time efficient and easiest to handle, the extraction method consisting of 30 min of ultrasound-assisted extraction with 25% aqueous solution of TMAH in the first step, followed by 2 h of mechanical shaking with Tris-citrate buffer and iso-octane in the second step was chosen as the optimal method for lyophilised mussel and fresh fish sample matrices.
Performance of the analytical procedure
The performance of the optimised analytical procedure (paragraph 2.5.) for the simultaneous speciation analysis of six BDE congeners in freeze-dried mussel tissue (SRM 2974) and fresh fish tissue (SRM 1946a) was evaluated by the determination of its limits of detection and quantification, linearity, repeatability and reproducibility of measurement and by an accuracy check.
Limits of detection and quantification, linearity, repeatability and reproducibility of measurement
The limits of detection (LODs) and limits of quantification (LOQs) for the determination of six BDE congeners were calculated on the basis of three times (3s) and ten times the standard deviation (10s), respectively, of the signal intensities of the blank sample, measured in eight replicates. The repeatability of the proposed methodology was evaluated by applying six independent analysis of sample reference materials SRM 2974a and SRM1946 by injecting the extracts on the same day. The same approach was used to test the reproducibility of measurement by performing analysis of six independent sample reference materials SRM 2974a and SRM1946 over a period of 7 days. These data are presented in Tables S3 and S4 , respectively.
Considering the complex matrix of mussel and fish tissues, good measurement repeatability was obtained for the PBDEs analyzed (relative standard deviations (RSDs) from 3.0% to 5.7%), whereas the measurement reproducibility was slightly worse (RSDs from 5.4% to 8.3%).
Accuracy check
The efficiency of the extraction and accuracy of the analytical procedure applied were evaluated by analysis of the standard reference materials NIST SRM 2974a and NIST SRM 1946. The samples were analysed with GC-ICP-MS using the standard addition method for quantification. The recoveries calculated as the ratio between the certified and determined PBDE concentrations are presented in Supplementary Table S5 .
It can be seen from Table S5 that the recoveries lay between 94% and 105%, indicating a high extraction efficiency. It can be further seen that the determined concentrations of PBDEs are in good agreement with the certified values. The accuracy of the analytical procedure was also verified by the species-specific ID-GC-ICP-MS method applied for quantification. For this purpose, 81 Br-enriched BDEs were used and the PBDE concentrations determined by ID using the procedure and equations reported by Rodríguez-González et al. [33] . These results are presented in Supplementary Table S6 .
They indicate that the differences between results determined by GC-ICP-MS and those determined by ID-GC-ICP-MS did not exceed 6%, further confirming the accuracy of the analytical procedure.
Typical chromatograms corresponding to working standard solutions (60 ng L -1 ) of all the PBDEs analyzed, which were used to depict the retention time of a given BDE, the standard NIST SRM 2974a, and the standard NIST SRM 1946 are presented in Fig. 4 as Fig. 4A , Fig.   4B and Fig. 4C , respectively. It can be seen that the retention times obtained for the PBDE standard solution match those of both NIST standards. The chromatographic peaks are well resolved, another indication of the high selectivity of the analytical procedure developed.
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On the basis of the results presented in this paragraph, it can be concluded that the analytical procedure developed is suitable for its intended use (the determination of six PBDEs in mussel and fish samples, freeze-dried or fresh). When compared with the GC-MS procedures cited in the literature, it is characterized by faster sample preparation, a simpler clean-up step, lower solvent consumption, very good recoveries and low LODs.
Analysis of PBDEs in blue mussels and fish samples from the northern Adriatic Sea and fish samples from the Sava River
In order to confirm the feasibility of the newly developed GC-ICP-MS analytical procedure for determination of the content of PBDEs in fish and mussels, blue mussels and fish samples from the northern Adriatic Sea (Slovenia) and Chub River fish samples from the Sava River taken at different locations (Slovenia, Croatia and Serbia) were analysed. These samples are commonly analysed in biomonitoring of particular toxic substances in aquatic environments or to monitor food safety. All the samples analysed were collected in 2015. The results are presented in Table 1 .
The PBDE concentrations in mussels and fish samples calculated on the ww and dw basis ranged from below LODs to 0.54 ng g -1 and from below LODs to 1.61 ng g -1 for a given BDE congener, respectively, while the ∑PBDEs from 0.24 ng g -1 to 0.83 ng g -1 , respectively. All six PBDE congeners listed in the WFD were detected, confirming their presence in the aquatic environment from which samples were taken. This is the first evidence of the presence of PBDEs in fish from this part of the Europe. Table 2 .
Our first results suggest that PBDEs are ubiquitous in the aquatic environment in this part of Europe. However, to evaluate the extend of pollution by PBDEs, more fresh and marine water biological samples, including fish and mussels from regular monitoring programmes, should be analysed, especially since the ∑PBDE concentration in the fish samples analysed was above the environmental quality standard (EQS) for biological samples (EQSbiota for the sum of BDE congeners 28, 47, 99, 100, 153 and 154 is set to be lower than 0.0085 ng g -1 (ww basis)).
A simple, sensitive, fast and robust analytical method was developed for reliable determination of six PBDE congeners (BDE 28, BDE 47, BDE 99, BDE 100, BDE 153 and BDE 154) in mussels and fish samples by GC-ICP-MS. The most efficient extraction of PBDEs, from both mussels and fish samples, was achieved when 30 min of ultrasoundassisted extraction with 10 mL of 25% aqueous solution of TMAH, followed by 2 h of mechanical shaking with 50 mL of Tris-citrate buffer and 2 mL of iso-octane, was applied.
This extraction approach has the advantages of being robust, time efficient and easiest to The procedure developed was successfully applied for the determination of the six PBDEs in mussels and fish samples from the Slovenian part of the northern Adriatic Sea and fish from the Sava River. The concentrations of the ∑PBDEs and the observed PBDE profiles from the present study are within the same magnitude of order or lower than those reported for other European countries. Due to its simplicity, sensitivity and reliability, the method developed can be used to assess the levels of PBDE pollution in the biota samples in an attempt to enhance ecosystem monitoring strategies and food safety. 
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